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We study the diffusion of self-interstitial atoms (SIAs) and SIA clusters in vanadium via molecular
dynamics simulations with an improved Finnis-Sinclair potential (fit to first-principles results for STA
structure and energetics). The present results demonstrate that single SIAs exist in a (111)-dumbbell
configuration and migrate easily along (111) directions. Changes of direction through rotations
into other (111) directions are infrequent at low temperatures, but become prominent at higher
temperatures, thereby changing the migration path from predominantly one-dimensional to almost
isotropically three-dimensional. SIA clusters (i.e., clusters of (111)-dumbbells) can be described
as perfect prismatic dislocation loops with Burgers vector and habit planes of 1/2(111){220} that
migrate only along their glide cylinder. SIA clusters also migrate along (111)-directions, but do
not rotate. Both single SIAs and their clusters exhibit a highly non-Arrhenius diffusivity, which
originates from a combination of a temperature dependent correlation factor and the presence of
very low migration barriers. At low temperature, the diffusion is approximately Arrhenius, while

above room temperature, the diffusivity is a linear function of temperature. A simple model is
proposed to describe these diffusion regimes and the transition between them.

Keywords molecular dynamics simulation, vanadium, interstitial, diffusion, dislocation loop

I. INTRODUCTION

The creation and evolution of point defects play an
important role in determining many of the structural
properties of materials. The two elementary point de-
fects in metals are vacancies and self-interstitial atoms
(SIA). Under normal conditions, vacancy concentrations
are much larger than SIA concentrations in most metals.
However, the creation and migration of SIAs are critical
for microstructural evolution of materials in high energy
radiation environments [1, 2] and in ion implantation [3].
SIAs are usually very mobile (i.e., the migration bar-
riers for SIAs are relatively small) and, hence, play an
important role in controlling the rates of several types
of microstructural processes in such applications. In the
present paper, we focus specifically on vanadium because
of recent interest in the application of vanadium-based
alloys for structural components in advanced fusion re-
actors [4-7].

Extensive computer simulation studies on SIAs in met-
als have been performed to date [8-12]. For example,
simulations of bee Fe have shown that STAs and STA clus-
ters (small, perfect dislocation loops) are created along
close-packed directions and tend to migrate along spe-
cific crystallographic directions. In this material, the
SIAs preferentially lie in (110) orientations but rotate
into (111)-directions in order to migrate. Three dimen-
sional diffusion in such a system results from diffusion in
a (111) direction, relaxation into a stable (110) orienta-
tion and then rotation into another (111) directions; this
produces an Arrhenius temperature dependence with an

apparent activation energy of order ~0.1 eV [8, 9].

Simulation studies of SIA migration have also been
performed for bec vanadium [13-17]. However, these em-
pirical interatomic potential-based simulations are not
consistent with recent first principles calculations [18],
which clearly show that the stable SIA structure in V is
a (111) oriented dumbbell, rather than the (110) oriented
dumbbell found in Fe. Given this fundamental discrep-
ancy, SIA migration in Fe and V must be fundamentally
different and our current understanding of SIA diffusion
in V is rather limited. This calls for a reexamination of
the relevant mechanisms.

In a recent communication [20], we undertook a molec-
ular dynamics (MD) study of single STA migration in V
using an improved interatomic potential [19], which was
fit to the point defect properties determined from the
first principles calculations (and other experimental and
first principles data) [18]. This work [20] revealed that
the diffusivity of single STAs does not follow the conven-
tional Arrhenius behavior for solid state diffusion, but in
fact shows strong deviations. Part of the non-Arrhenius
behavior was attributed to a temperature dependent cor-
relation factor, but the strong deviations at higher tem-
peratures could only be rationalized in a more general
framework of particles migrating over extremely small
barriers. In this regime, we argued that the diffusiv-
ity varies linearly with temperature rather than Arrhe-
niously.

The present paper presents additional results on single
SIA diffusion and extends the study to SIA clusters. We
find that the arguments developed for the single STA case



also apply to cluster diffusion. We then develop a gen-
eral framework for SIA and STA cluster migration that
describes all temperature regimes correctly.

II. COMPUTATIONAL METHOD

Molecular dynamics simulations have been widely used
to study point defect motion. They provide an ideal
tool for understanding STA migration, where complex lo-
cal atomic rearrangements occur during the fundamental
diffusional processes that are not readily captured using
static simulation methods. Although first-principles MD
methods, such as the Car-Parrinello method [21], pro-
vide a means of observing the dynamics of the atomic
structure based upon quantum mechanical information,
they are generally too computationally expensive for the
simulation of a large number of transition metal atoms
over sufficiently long time to extract meaningful STA mi-
gration information. On the other hand, MD simulations
based upon empirical potentials such as pair potentials
or embedded-atom-method (EAM) potentials [22-26] are
widely used in the study of STA and SIA clusters [27-29].
Such calculations are more computationally efficient, yet
compromise the description of atomic bonding, as com-
pared with the first principles methods. Empirical po-
tentials are, nonetheless, useful, provided they are able
to reproduce the basic equilibirum STA properties of in-
terest.

In a previous study [19], we developed a Finnis-
Sinclair-type (FS) empirical potential for vanadium that
was fit to first-principles STA and vacancy formation en-
ergies, structural data and a number of other equilibrium
properties [18]. Both the present FS potential and the
first-principles calculations indicate that the most stable
SIA is a (111)-dumbbell, which is nearly degenerate with
the crowdion configuration. Since the accuracy of the
first-principles data is approximately 0.05 eV, the dif-
ference between the (110)-dumbbell configuration (pre-
dicted from earlier empirical potential calculations) and
the (111)-dumbbell configuration can be considered reli-
able (0.34 V).

Diffusion of individual SIAs and SIA clusters in vana-
dium was investigated using the MD simulation code
MDCASK [30] using the FS potential for vanadium de-
scribed in ref. [19]. For the case of single SIAs, all simu-
lations were performed in a cubic system of size 2000+1
V atoms (a 10ag x 10ag X 10ag computational cell, where
the equilibrium cubic lattice parameter ay = 3.03 A)
while for STA clusters, the cubic system consisted of
54000+n (a 30ag x 30ag x 30ag computational cell) where
n = 7,19,37,61. For these values, the SIA’s will form
filled concentric hexagonal shells surrounding a central
SIA. These two computational supercells were tested to
ensure that the effect of interactions of a single SIA or
a SIA cluster with their periodic images were negligible.
In addition, periodic boundary conditions were applied
to effectively provide an infinite extension of the struc-

ture. Both, single STAs and SIA clusters were introduced
in the form of (111)-dumbbells and equilibrated for 10
ps using a canonical (NVT) ensemble, where the temper-
ature was controlled using a Langevin thermostat. The
simulation was then switched to a microcanonical (NVE)
ensemble in order to study the STA migration dynamics.
Simulations were run at temperatures between 100 and
2000 K and the time step used in the integration of the
equations of motion was set to 1 fs. Because of the highly
correlated nature of interstitial diffusion, long simulation
runs (1 ns) were required to ensure that reliable diffusiv-
ities were obtained.

III. STATIC SIA CLUSTER PROPERTIES

Our first task in the analysis of SIA and SIA-cluster
diffusion in V was the correct identification of the in-
terstitial(s) during the simulation. To this end, we di-
vided the whole space into Wigner-Seitz (W-S) cells cen-
tered around each perfect crystal lattice site. The crite-
rion adopted for interstitial ({(111)-dumbbell) identifica-
tion was the existence of more than one atom in the same
W-S cell. Note that while this approach easily identifies
dumbbells, interstitials in the crowdion geometry are not
easily identified (i.e., one of the crowdion atoms sits on
the cell face). To alleviate this difficulty, we enlarge the
W-S by 5%. In this case, a dumbbell will exist in a single
W-S cell, while a crowdion will simultaneously exist in
two adjacent W-S cells.

Figure 1 shows [111] and [001] projections of clusters
containing 19, 37 and 61 SIAs. The filled circles repre-
sent the centers of mass of the (111) dumbbell SIAs. In
Fig. 1(a), the dumbbells are oriented normal to the view-
ing plane. The dumbbell structure is more easily seen in
the [001] projection of Fig. 1(b). Examination of Fig. 1
demonstrates that the clusters are perfect prismatic dis-
location loops, bounded by a/2(111) edge dislocation seg-
ments. However, the clusters are more extended than a
perfect planar prismatic dislocation loop located on only
two additional (220) planes, as shown in Fig. 1. The 19-
, 37- and 61-member STA clusters occupy five, six and
eight (220) planes, respectively.

These clusters were generated by an annealing pro-
cess, which involved increasing the temperature in 2ps
steps of 10 K between 0 and 100 K. Between 100 and
900 K, the temperature increment was increased to 50
K. Once the final temperature was reached, the system
was equilibrated for 10 ps. To obtain the zero tempera-
ture structure, the system was quenched from 900 K to
1 K, followed by a conjugate gradient minimization of
the energy. All final configurations, obtained from the
thermal structural relaxation, consisted of perfect dislo-
cation loops with Burgers vector b = %(111}, regardless
of initial configuration (%(111>{110}, (110){110}, and
(100){110}). A key feature observed from the MD sim-
ulations was that during the initial stage of the heat-
ing schedule (0 K < T < 10 K) initial £(110) or (100)
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FIG. 1: 19-, 37- and 61-member SIA clusters in (a) [111] and
(b) [001] projection. Filled and open circles represent the
centers of mass and (111)-dumbbell, respectively.

loops reoriented almost immediately along a (111) direc-
tion [42].

IV. SINGLE SIA AND SIA CLUSTER
MIGRATION

In order to investigate the migration mechanism of
SIAs and SIA clusters in vanadium, we first analyze the
interstitial trajectories as a function of temperature and
cluster size. Representative trajectories for the single STA
and SIA cluster centers of mass, collected over 1 ns sim-
ulations, are shown in Fig. 2. Since we apply periodic
boundary conditions, the dumbbells/clusters sometimes
cross the cell boundary. In this case, they are translated
by adding or subtracting lattice vectors such that the
trajectories in Fig. 2 appear as if in an infinite solid.

Examination of Fig. 2 shows that the single STA migra-
tion mechanism is temperature dependent. Only onedi-
mensioal (1D) random walks are observed for tempera-
tures from 100K to 600K during the 1ns simulation, as
shown in Fig. 2(a). At T~T700K, the SIA makes infre-
quent rotations from one (111)- to other (111)-directions.
Such rotation events lead to threedimensional (3D) tra-
jectories, consisting of long 1D random walk segments
with abrupt reorientations, (see Figs. 2(b-d)). With
increasing temperature, the frequency of the rotation
events increases and the lengths of the 1D trajectory
segments decrease. On the other hand, STA clusters

FIG. 2: Typical trajectories of migrating SIAs for tempera-
tures of (a) 300 K, (b) 700 K, (c) 900 K and (d) 1400 K and
7-member SIA clusters for temperatures of (e) 300 K and (f)
1200 K.

undergo a collective one-dimensional migration along a
(111)-direction (i.e., parallel to the SIA dumbbell orien-
tations), similar to that of single SIA at low tempera-
ture. SIA cluster migration was one-dimensional for all
T<1200 K, as shown in Figs. 2(e) and (f). For T>1200
K, the STIA clusters disintegrate into individual SIAs.

Although these results appear to be similar to those
reported for other bee metals (i.e., Fe and Mo) [8, 27,
39, 40], there is an important difference, particularly for
the case of single STAs. This difference is associated with
the stable form of the interstitial: in V the equilibrium
dumbbell orientation is (111), while Fe and Mo exhibit
(110)-dumbbells. In the Fe and Mo cases, the dumbbell
remains in a (110)-orientation until it is thermally acti-
vated into one of the (111)-directions, where it undergoes
single or multiple hops before relaxing back into a (110)-
orientation [39]. There are no relaxation events of this
type in interstitial migration in V. In the V case, the
stable (111)-dumbbell migrates long distances and only
requires significant thermal activation to reorient into an-
other (111)-direction. Therefore, while the dumbbell mi-
gration trajectories look qualitatively similar in the V,
Fe and Mo (cf. Fig. 2(e) and Fig. 5 in Ref. [39]), they
have fundamentally different origins.

Figure 3 shows a segment of the trajectory for sin-
gle STA and 7-member STA cluster centers of mass at
T = 500K. It can be seen that while migration for single
SIAs is discrete, i.e., it moves by jumping from one body
centered cubic lattice site to another, the STA cluster cen-
ter of mass is not localized at lattice sites, but moves in
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FIG. 3: A [001] projection of a segment of the single SIA
(open circles) and 7-member STA cluster (shaded circles) cen-
ter of mass trajectories. The grid denotes lattice sites and the
trajectories are shifted for comparison.

a more continuous manner along a (111)-direction. Clus-
ters do not translate as rigid units, but rather by forming
and annihilating interstitials at its periphery.

Figure 4 shows positions of the 2 SIA atoms that form
the dumbbell relative to the 4 distinct (111) directions.
Many positions are shown that are being sampled by the
SIA’s during the course of the simulation. We observe
that at very low temperatures (' = 100 K, shown in
Fig. 4(a)) the STA dumbbell vibrates around the (111)-
direction along which it migrates. The shape of the dis-
tribution (i.e., the triangular arrangement of the clus-
tered points in Fig. 4(a)) reflects the 3-fold symmetry
of the (111) plane. As T increases (T' = 500 K, shown
in Fig. 4b), the SIA vibrates about its (111) migration
direction, but with a wider distribution than at 100K.
Finally, for higher T (Figs. 4(c) and (d)) the SIA both
samples all of the possible (111)-directions and does so
with a distribution of a width that increases with tem-
perature. Nonetheless, the most probable dumbbell ori-
entations continue to lie along (111) directions.

To obtain a more detailed understanding of STA mi-
gration, we monitored the rate of rotation, w,, from one
(111)-direction to one of the other (111)-direction as a
function of 1/kpT for temperatures between 700 K and
1600 K (see Fig. 5). No rotations were observed at 600K
or below (as expected from extrapolation of the best fit
line in the figure to these lower temperatures). The log-
arithm of the rotation rate is a linear function of the in-
verse temperature. This suggests that rotation is indeed
a thermally activated (Arrhenius) process. The activa-
tion energy obtained from Fig. 5, AFE,.=0.44eV, is consis-
tent with first-principles calculations [18] and static cal-
culations using the new interatomic potential [19] which
predict a rotational barrier for SIAs in V of 0.35 eV and
0.4 eV, respectively [20]. The pre-exponential factor ob-
tained from the fit is wo = 1.3 x 103 sec™!.
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FIG. 4: Distribution of orientations of a single interstitial
dumbell at (a) 100 K, (b) 500 K, (c) 900 K, and (d) 1300 K
for single SIA diffusion, where pair of points represents the
dumbbell position at different times separated by 200 ns.

V. SIA AND SIA CLUSTER DIFFUSIVITY

Diffusivities were calculated following the procedure
employed by Guinan et al. [31] The total simulation
time was partitioned into m intervals of equal duration 7;
and a diffusivity D; = (R?)/67; was calculated from the
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FIG. 5: Rotation rate w, as a function of temperature.

The solid line is an Arrhenius fit to the data with slope

AFE,=0.44eV and pre-exponential factor wo = 1.3 X 1013
—1

sec” .

mean squared displacements (R?) of the center of mass
(of either single STA or STA clusters) during that interval.
This procedure was repeated after shifting all intervals by
a time A7 along the trajectory. 7 and A7 were chosen
to ensure that the averages are uncorrelated and statis-
tically significant. We employed 7 from 5 to 100 ps with
A7 = 1ps. For every value of 7;, we thus obtain a mean
diffusivity (D;) by averaging over all values of D;. The
total diffusivity D then results from averaging over all
<Di>7

D=3 (D), (1

We adopt the convention of treating all trajectories as
3D random walks, since rotations will also occur at the
lower temperatures if the simulations were extended to
longer times and the values of (R?) are unaffected by
them. Figure 6 shows (R?) as a function of time for indi-
vidual STAs and SIA clusters together with linear fits to
the data. All curves are consistent with purely diffusive
behavior.

The computed diffusivities (from Eq. (1)) are shown
in Fig. 7 for temperatures between 100 K and 2000 K
for single SIAs and between 200 K and 1200 K for STA
clusters. The diffusivity increases with increasing 7', but
decreases with increasing STA cluster size. This reduc-
tion in the diffusivity with increasing cluster size is not
surprising in light of the observation that the clusters
move by adding and removing interstitials at the clus-
ter periphery rather than moving through a rigid body
translation.

If the diffusivity were to obey the classical Arrhenius
relation

D = vy a? exp[-AFEy/kpT], (2)

the data for each cluster size in Fig. 7 would lie along
a straight line. This is clearly not the case; the data
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FIG. 6: Mean square displacement as a function of time for
(a) individual SIAs, (b) a 7-member SIA cluster, (c) a 19-
member SIA cluster, (d) a 37-member SIA cluster and (e) a
61-member SIA cluster at several temperatures

in Fig. 7 show pronounced curvature for all values of n
- especially at high temperature. Although Arrhenius
behavior is widely expected for diffusion in the solid state,
it clearly does not occur here. Interestingly, however, all
curves appear to be nearly parallel to each other in the
Arrhenius plot.

The presence of a non-linear regime in the Arrhenius
plot of Fig. 7 is intriguing. As discussed above, previ-
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FIG. 7: Arrhenius plot of the diffusivity as calculated from
Eq. (1) for single SIAs () as well as clusters of size n = 7
(%), n =19 (A), n =37 (W) and n = 61 (O).

ous studies of STA migration in bec metals [8, 39] showed
that STA migration is a multiple step process that in-
volves not only translation of (111)-oriented dumbbells
along a (111)-direction, but also rotations from the sta-
ble (110)- to (111)-oriented dumbbells. One could argue
that the non-linearity observed in Fig. 7 is a result of
the competition (over a certain temperature regime) of
these thermally activated processes. This is clearly not
the situation in the case of V, since the ground state
of the interstitial is the (111)-oriented dumbbell, and no
additional rotation is required to access this easy-glide
configuration. The fact that the single STA diffusion data
does not fall on a straight line in the Arrhenius plot below
700, where no rotations were observed in the simulations,
proves that SIA dumbbell rotation is not responsible for
the observed non-Arrhenius behavior.

A. Correlation analysis

We find that another mechanism is contributing to
the non-Arrhenius behavior. Detailed examination of
the SIA trajectories shows that SIA hops are correlated.
At low temperature, the SIA has a higher probability
of jumping back in the direction from whence it came,
rather than forward along the same trajectory. At high
temperatures, by contrast, this effect appears to be re-
versed. We quantified this observation by measuring a
correlation factor for STA diffusion, f, defined as

f=D/Dy, (3)

where Dy, is the ”"bare” diffusion constant given by Dy, =
I?n/6. Here, n is the average number of jumps per sec-
ond and [ is the average jump length. For diffusion on
a lattice, one can simply count the number of jumps per
unit time and set [ equal to the nearest neighbor spacing
ro = V3 /2aq. This procedure works well for single SIAs
(n = 1) which are well localized on ideal lattice sites (see
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FIG. 8: Variation of the correlation factor f with 1/kgT for
single SIAs (O) as well as clusters of size n =7 (%), n = 19
(A), n=37 (W) and n = 61 (O).

Fig. 3), but not for the continous trajectories of the SIA
clusters. In this case, one can still measure correlations
on the scale of the nearest neighbor distance by divid-
ing up the (continuous) trajectory into segments of equal
length. In the present case, we determined n by counting
the number of times the magnitude of the center of mass
displacement exceeded 0.757¢. From this criterion, we
measured [ by averaging over the actual displacements
(in general I > 0.75ry due to discrete recording of the
trajectory). This procedure can be applied to both the
single SIA trajectories as well as the clusters. We ver-
ified that for discrete trajectories of the single SIAs, it
gives the same result as direct counting of the number of
jumps.

Figure 8 shows the variation of the correlation factor,
f, as computed by Eq. (3) for single STAs and SIA clus-
ters with 1/kpT. A value of f = 1 indicates an uncorre-
lated random walk. We observe that at low temperatures
T < 600 K the migration is anticorrelated (f < 1), but
rises quickly above one as T increases. This effect is most
pronounced for single SIAs; for clusters, the values of f
tend to be larger. The underlying physics leading to the
T-dependent correlation factor is not obvious. One possi-
bility is incomplete local relaxation leading to a memory
effect. Once a STA jumps to a neighboring site, the po-
tential well to move back or move forward is not same if
the atoms surrounding the SIA do not fully relax follow-
ing STA migration. In this case, the potential barrier for
moving back to the original site is lower than barriers for
other jumps. As the temperature increases, the thermal
fluctuations will smear out this small difference between
relaxed and unrelaxed environments, thereby erasing the
memory effect. Once several SIAs come together to form
a cluster, the trend towards anticorrelations seems to be
weakened.

The impact of the correlations on the diffusivities can
be isolated by plotting a ”corrected” diffusivity, D =
D/f vs. 1/kgT in Fig. 9. Now we see that for the single
SIAs (0), the low temperature data (T' < 500K) lie along
a nearly straight line with slope AE; = 0.018eV. The
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FIG. 9: Plot of the corrected diffusivities D = D/f as a
function of inverse temperature 1/kpT. The straight line is
an Arrhenius fit to the lowest temperature data (see Fig. 8)
and has slope AE4 = 0.018eV.

temperature dependent correlation factor hence provides
a partial explanantion for the relatively weak deviations
from Arrhenius behavior at low T. For the SIA cluster
(n > 1), even the corrected diffusivities don’t show a
clear Arrhenius behavior at low T and no simple Arrhe-
nius fit is possible. In all cases, significant non-Arrhenius
behavior remains at higher T.

B. Diffusion over small barriers

As the temperature is increased beyond 300 K, the cor-
relation factor rises quickly to a value greater than unity.
These strong positive correlations signal that the SIAs
hop easily over several barriers without completely ther-
malizing between hops. At the same time, we note that
the energy barrier AFE,; obtained in the low temperature
regime (where an Arrhenius fit was possible) is smaller
than the thermal energy for all but the two lowest tem-
peratures studied here. This is likely the source of the
multiple interstitial hops at high T'. The small amplitude
of the potential energy landscape does not localize the
SIAs at the bottom of the potential well, but instead the
atoms spend significant time in a wide range of positions
in the landscape (i.e., the interstitial positions are delo-
calized). In conventional derivations of activated escape
over barriers [44], however, one assumes that a well de-
fined separation of time scales exists, in which the atoms
spend most of their time near the energy minimum. The
time required for crossing the barrier is assumed to be
much smaller than the SIA residence time in individual
minima. This scenario requires that AEy > kgT, which
is clearly not the case here.

It is therefore natural to expect a breakdown of the
Arrhenius description in the present system. In the limit
that the barrier height is completely negligible relative
to the energy of the heat bath (the free particle limit),
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FIG. 10: Plot of the diffusivities as a function of temperature
on a linear scale for single SIAs (¢) as well as clusters of
sizen =7 (x), n =19 (A), n = 37 (M) and n = 61 (O).
The dashed lines indicate linear fits to the functional form
D =c¢,T.

simple arguments predict
D =kgT/mn, (4)

where m is the mass of the particle and v a relaxation
time scale associated with a velocity-dependent friction
force. This type of diffusion is typical for Brownian parti-
cles, e.g. colloids in solution, where the solvent provides a
thermal bath. Since this free particle diffusion coefficient
is expected to be a linear function of T, we replot the data
from Fig. 7 on a linear temperature scale in Fig. 10. In
this representation, the single SIA data is ideed nearly
linear, albeit with weak curvature at low temperature.
For the STA cluster, it is not possible to fully explore the
high T regime beyond 1200K, since the cluster become
unstable, but the available data is also well-fit by a linear
diffusivity-time relation. This suggests that SIA diffusion
in V is free particle like at high temperature (D ~ T,
but follows the normal Arrhenius, hopping dynamics at
low T (D ~ e 2Fp/ksT)  The deviation from linear-
ity at low temperature and the deviation from Arrhenius
behavior at high temperature suggests that a cross-over
occurs between the free (kT > AFEp) and hopping par-
ticle (kpT < AEp) limits.

No simple analytic theory exists that addresses the be-
havior in the transition regime. We therefore proceed by
considering a simplified one-dimensional model with a
particle of mass m that diffuses in a sinusoidal poten-
tial. The dynamics of this particle is described by the
Langevin equation

mi — yi = €/2cos [x/o] + 1, (5)

where 7 is a white noise term that is proportional to
temperature (the prefactor is easily determined from the
fluctuation-dissipation theorem). By solving this equa-
tion numerically for different potential amplitudes €, we
can continously move between the two limiting cases of
strong and weak barriers. Figure 11(a) shows the re-
sult of the numerical solution to this model in an Arrhe-
nius plot, where it yields a straight line when T is much



FIG. 11: Diffusivity of a one-dimensional Brownian parti-
cle in a sinusoidal potential of amplitude € for three values
of the damping parameter v = 177!,0.2r~! and 0.1771.
7 = \/ma?/e is the intrinsic timescale of the model. The
diffusivity decreases with increasing . The Arrhenius rep-
resentation (1/7) (a) yields a straight line at large values
of (¢/kpT), while the linear temperature plot (b) exhibits a
straight line in the opposite limit. Solid lines numerical solu-
tion of Eq. (5), dashed lines Arrhenius and free particle limits,
respectively. The model maps onto realistic length and time
scales for V after insertion of values for m and o.

smaller than e, followed by strong deviations from this
line at higher T', as observed in the MD simulations. In
Fig. 11(b) we plot the same data as a linear function of
T and obtain a straight line as soon as the thermal en-
ergy is larger than the barrier height. This simple model
successfully captures both limiting cases. The crossover
temperature from the particle hopping to free particle
behavior depends on the precise value of the damping
parameter . The model can be mapped onto the full
MD results after inserting values of m and o for V and
setting e = AF,. This excellent agreement between the
MD results and model predictions demonstrates that the
observed strongly non-Arrhenius interstitial diffusion in
V is a direct consequence of the relative magnitudes of
the activation energy and the thermal energy.

C. Scaling of the prefactor

According to Fig. 10, the diffusivities for all cluster
sizes n can be described as a linear function of tempera-
ture, i. e., D = ¢, T. The dependence of the diffusivity on
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FIG. 12: Scaling of the prefactor ¢, with cluster size n, nor-
malized by the prefactor for n = 1. The straight line shows a
power law function n®, with an exponent v = —0.5.

cluster size is now captured by the size-dependent pref-
actor ¢,. This prefactor exhibits an interesting scaling
with n. Fig. 12 plots ¢, as a function of n in a double-
logarithmic plot. The data fall along a straight line that
is consistent with a simple power law ¢, /¢ = n®, where
a = —0.5. The same factors ¢, /c; could also be used to
collapse the Arrhenius plots of Fig. 7 onto a single curve.
As discussed below, such a power law scaling of prefactors
with cluster size has been previously observed in simu-
lations of other systems [43]. At present, no satisfying
explanation for this intriguing observation is available.

VI. DISCUSSION AND CONCLUSIONS

This paper presents the results of a series of molecu-
lar dynamics simulations of diffusion of self-interstitial
atoms and self-interstitial clusters in vanadium. The
computations used an improved FS-type interatomic po-
tential that correctly reproduces the (111) self-interstitial
as the lowest energy interstitial configuration. Single
self-interstitials migrate easily along (111)-directions via
a crowdion mechanism, and can also rotate into other
(111)-directions with a much lower frequency. The rota-
tions follow simple Arrhenius behavior and the rotation
barrier is AFE, = 0.44eV. SIA cluster do not rotate on
the time scale of the present simulations, but rather move
along a one-dimensional path.

Diffusivities were determined over a wide temperature
range (100K-2000K for single SIAs, 200K-1200K for SIA
cluster) for several STA cluster sizes n = 1,7,19,37,61.
For all cluster sizes, the diffusivities exhibit strongly non-
Arrhenius behavior. A correlation analysis revealed that
the motion of the SIAs is anticorrelated at the lowest
temperatures, but develop very strong positive correla-
tions at higher T. An estimate of the activation barrier
at low T yielded the very low value of AE; = 0.018eV,
a value smaller than most thermal energies employed in
this study. The role of the energy barrier is therefore
small compared to the thermal energy above room tem-
perature, and the non-Arrhenius behavior arises from a



crossover to nearly free particle diffusion, where the diffu-
sivity varies linearly with 7T'. It is imperative to examine
a sufficiently wide temperature range to properly identify
this transition.

The present results indicate that the energy barrier for
SIA motion is very small and is only weakly dependent
on cluster size n. This follows from the fact that dif-
fusivities versus temperature curves can be superposed
by a linear shift in an Arrhenius plot, or alternatively,
that the diffusivities of the clusters are all linear func-
tions of temperature, albeit with size-dependent slopes.
In V, STA diffusivities are therefore better described in a
nearly free particle picture, in which the functional form
obeys the relation D = ¢,T. The prefactors ¢, obey a
simple power law scaling with system size.

Interesting parallels can be drawn between our study
on vanadium and results for iron. Osetsky et al. [43]
studied the diffusive motion of STA clusters in Fe for sizes
between n = 1 and n = 91 and also found that the ac-

tivation energy varies weakly with temperature. In their
study, the diffusivities are fit to Arrhenius expressions,
but the temperature range is much smaller than here.
As in V| the size dependence of the diffusivities could
be absorbed in a prefactor which also exhibits power law
scaling, but with a different exponent o = —0.64. The
power law scaling seems to be generic to the motion of
dislocation loops and calls for further studies.
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